Introduction 56
Body weight supported treadmill training (BWSTT) is a form of gait training 57 in which trainers assist leg, hip and trunk movements during treadmill locomotion. 58
Clinical studies have shown that BWSTT improved locomotor function in humans 59
following spinal cord injury (SCI; (Wernig et al., 1995) and stroke (Sullivan et al., 60 2007) . Implementing BWSTT can be difficult for trainers because often times a 61 great deal of effort is required to assist movements. To facilitate BWSTT, robotic 62 devices have been developed that fully assist stepping by imposing forces that 63 continually move the limbs through the step cycle (Colombo et al., 2000; Hesse 64 et al., 2000) . Recently, questions have been raised regarding the effectiveness of 65 robotic devices for BWSTT (Swinnen et al., 2010) . Although robotic assisted 66
BWSTT has been shown to improve locomotor recovery (Wirz et al., 2005) , it is 67 not clear whether robotic-assisted BWSTT that moved the legs in a stepping 68 pattern was better than or as good as manually-assisted (i.e. therapist-based) 69
BWSTT. The findings of studies comparing robotic-assisted BWSTT to manually-70 assisted BWSTT have varied. Some results indicated manually-assisted BWSTT 71 was superior to robotic-assisted BWSTT (Hornby et al., 2008) . Other results 72 indicated robotic-based BWSTT was better (Westlake and Patten, 2009) while 73 other findings indicated that there was no difference in the effects of either type 74 of assistance on stepping recovery (Nooijen et al., 2009) . After all surgeries, the rats were allowed to recover on a heating pad 167 before they were returned to their cages. Antibotic treatment (Baytril) was given 168 twice daily for two weeks following the surgery. The bladders and colons were 169 checked twice daily for the duration of the study and if necessary, the bladder 170 and colon were manually expressed. 171
172

Locomotor Training and Testing 173
All training and testing sessions were conducted using a robotic device 174 (Rodent Robotic Motor Performance System, Robomedica Inc., Irvine, CA). The 175 robotic device has been previously described (Timoszyk et al., 2005) . It has a 176 motorized variable-speed treadmill, two robotic arms, and a body weight support 177 arm. The rats wore a vest that was secured to the weight supporting arm of the 178 robotic device. The ankles of the animals were attached to the distal ends of the 179 robotic arms with neoprene loops that wrapped around the ankle. The animals 180 were acclimated to the robotic system by wearing the vest during quiet, weight 181 supported standing on the treadmill two to three times prior to baseline testing. 182
During testing, the ability to perform treadmill stepping at a speed of 8 cm ) and 85-95% of the body weight was 186 supported. To train the rats, custom-made software was used to control robotic 187 assistance delivered to the ankles as previously described (Cai et al., 2006) . 188
Briefly, a desired ankle trajectory was derived from the ankle movements 189 recorded by the robotic device when an experienced human trainer manually 190 assisted stepping for five consecutive step cycles (see "Five recorded step 191 cycles" and "Average trajectory" in Fig. 1A ). During training, the recorded ankle 192 trajectories were played back in a repeating loop (Fig. 1A) . To implement the FA 193 and AAN algorithms, assistive forces were applied to the ankle whenever the 194 ankle moved away from the desired ankle trajectory pattern. The amount of 195 assistance was proportional to the magnitude of the movement error multiplied 196 by a scale factor (i.e., gain). To implement the FA training, a large scale factor 197 was used such that the ankles were forced to follow the desired trajectories 198 (compare Fig. 1B with Fig. 1A ). To implement the AAN training, a lower scale 199 factor was used such that the amount of the assistive force was less thereby 200 allowing ankle movement to stray away from the trajectory (compare Fig. 1C with 201 Fig. 1A ). The overall effect was that when the ankle did not move or moved little 202 during AAN training, the robot gently guided the ankle. However, the robot did 203 not interfere with movements when the rats generated independent stepping 204 (Fig. 1C) . In contrast, FA training moved the ankles regardless of the rats' ability 205 to perform steps. A single training session was completed when a rat performed 206 1000 steps. Training was performed for 5 days/week for 4 weeks. 207
208
Data Analyses 209
The arms of the robotic device recorded all ankle movements and all 210 information was stored on a computer for subsequent analysis. The collected 211 data was analyzed using custom-made software as previously described 212 (Timoszyk et al., 2002; Timoszyk et al., 2005) . Briefly, toe off and paw contact 213 were detected based on ankle velocity.
Step length was defined as the distance 214 between toe-off (TO) and paw contact (PC).
Step height was defined as the 215 distance between the maximum and minimum vertical positions of the ankle 216 during a step. Stance duration was the time between PC to TO and swing 217 duration was the time from TO to PC. The number of steps performed during the 218 30 s test of stepping at 85% weight support was determined by counting the 219 number of steps that were greater than 1mm in length. We have found that this 220 criteria distinguished successful weight bearing steps from small amplitude ankle 221 movements that were not weight bearing (Heng and de Leon, 2009) . 222
To analyze ankle trajectory during stepping, the slope of the swing and 223 stance phases were calculated for the contused rats and compared with a normal 224 trajectory and the desired trajectory imposed during training. Robotic data 225 recorded during 30 s of testing (85% weight support) in each contused and 226 normal rat were used to generate scatter plots of the ankle position. During swing 227 phase, the shape of the trajectory could generally be characterized by two 228 slopes: one during forward movement (see Forward swing in To analyze the EMG activity, the start and end of EMG bursts (t on and t off , 236 respectively) were detected using a custom written program in MATLAB 237 (Mathworks, Inc., Natick, MA). The envelope of EMG activity was found by 238 rectifying raw EMG data and filtering the rectified EMG with a 36-point (20 ms) 239 moving average filter. The user could adjust two thresholds which were used to 240 define EMG bursts, a positive-slope threshold and a negative slope threshold. 241
Within each step cycle, the first positive-slope threshold crossing was considered 242 the onset of an EMG burst and the first negative-slope threshold crossing 243 We examined the effects of two types of robotic-assisted treadmill training 259 on locomotor recovery in spinally contused rats. During training, the robot device 260 fully assisted stepping by moving the ankles through a desired trajectory (FA 261 training) or assisted stepping only when needed (AAN training). Figure 2 shows 262 horizontal ankle movements in a Normal rat and from spinally contused rats from 263 the two groups. Normal rats produced consistent weight bearing stepping, as is 264 evident from the consistent forward and backward movements of the ankle 265 during each step ( Fig. 2A) . In the spinally contused rats, a poor stepping pattern 266 was observed during baseline testing at Week 0. Stepping movements were not 267 generated and the hindlimbs dragged. Assistance was necessary to move the 268 paws forward on the treadmill belt in an attempt to initiate stepping (see "trainer" 269 in Fig. 2B and D) . Only small forward stepping movements occurred as the paws 270 moved backward with the treadmill belt (see dots in Fig. 2B and D) . By Week 4, 271 large amplitude stepping movements were observed in both the FA and AAN 272 groups (see dots in Fig. 2C and E). However, more frequent stepping occurred 273 in the AAN group than in the FA group ( Fig. 2C and E) . Week 4 square with triangle in Fig. 2F ; p=0.07, Tukey post-hoc test). 289
Ankle trajectories during stepping in representative Normal and spinally 290 contused rats are shown in Figure 3 . In Normal rats, the ankle moved in a 291 trajectory that resembled a semi-circle (Fig. 3A) . The overall size of the stepping 292 trajectories in the spinally contused rats tended to be smaller than normal. The 293 ankle trajectory in the AAN group had similar length but was flatter than the 294 normal trajectory indicating less elevation of the ankle during swing (compare 295 solid lines, Swing in Fig. 3B and A). The ankle trajectory in the FA group was 296 shorter than normal and appeared to have a triangular shape (compare Fig. 3C  297 and A). Kinematic analyses confirmed that step trajectories were significantly 298 smaller in the contused rats. In the FA group, stance duration, swing duration, 299 step length and height were 54%, 70%, 65% and 62% respectively of Normal 300 (Fig. 3E) . Likewise, stance duration, swing duration, and step height in the AAN 301 group were 63%, 76% and 70% of Normal (Fig. 3D ). The one exception was 302 step length in the AAN group which reached 104% of normal values (Fig. 3D) . 303
Step length in the AAN group was also significantly greater than step length in 304 the FA group (Fig. 3E , one way ANOVA p<0.01). 305
We next compared ankle trajectories during the swing phase of stepping. 306 Figure 4 shows the ankle trajectory during the swing phase of two step cycles in 307
Normal, AAN and FA rats at Week 4. Following toe off, the ankle in the Normal 308 rat moved forward and slightly downward (see Forward swing in Fig. 4A ). This 309 was followed by backward movement in the ankle prior to paw contact (see 310
Backward swing in Fig. 4A ). The ankle movement in the AAN rat resembled the 311
Normal pattern (compare Forward swing in Fig. 4A and B). In particular, the 312 ankle moved forward with little overall change in vertical position then backward 313 to paw contact (Fig. 4B ). In contrast, there was a noticeable rise in the ankle of 314 the FA rat during forward movement (see Forward swing in Fig. 4C ). This 315 resembled the desired ankle trajectory that was imposed during FA training 316 (compare Forward swing in Fig. 4C and D) . 317
The slope of the ankle trajectory during the forward and backward phases 318 of swing was calculated for each rat. The slopes were calculated from ankle 319 position data collected during 30s of testing for each rat (85% weight support). 320
The average slopes for each group are shown in Fig Desired, Forward swing in Fig. 4E ). Similar analyses showed that the slopes of 328 the backward phase of swing were positive in all the groups and no significant 329 differences were found (see Backward swing in Fig. 4E ). The slope of the ankle 330 movement during stance was also analyzed and significant differences were 331 found between the Normal and the FA and AAN groups (see Stance in Fig. 4E) . 332
This indicated greater ankle extension occurred during stance in the Normal rats 333 compared to the spinally contused rats. The stance slope of the Desired 334 trajectory was also significantly different than the Normal stance slope (compare 335
Normal and Desired, Stance in Fig. 4E) . 336
337
Greater ankle muscle EMG activity resulted from assist-as-needed robotic 338 training 339
EMG from the tibialis anterior (TA) and medial gastrocnemius (MG) 340 muscles in representative rats from the AAN and FA groups are shown in Figure  341 5. There was more consistent and more frequent muscle activity in the AAN 342 group than in the FA group evident in the EMG bursting patterns (compare TA 343 and MG in Fig. 5A with those of Fig. 5B ). The TA and MG EMG bursts were 344 appropriately timed with the step cycle in the AAN group. TA bursts occurred 345 during swing whereas MG bursts occurred during stance (see EMG bursts during 346 swing (black arrows to white arrows) and stance (white arrows to black arrows) in 347 (black arrows to white arrows) in Fig. 5A ). 350
Analyses of EMG bursts showed that a significantly greater number of TA 351 and MG EMG bursts were generated in the AAN group than in the FA group 352 during testing (Fig. 5C , one way ANOVA, p<0.05). The duration of EMG bursts in 353 the MG was significantly longer in the AAN than in the FA group (Fig. 5D, one  354 way ANOVA, p<0.05). In the AAN group, the MG was active during a significantly 355 greater portion of the step cycle than in the FA group (see MG on time, Fig. 5E , 356 one way ANOVA, p<0.05). TA EMG burst characteristics (burst duration, on time) 357
were not significantly different between the groups (Fig. 6D,E) . In the present study, we demonstrated that robotic training that provided 365 assistance on an as-needed basis during BWSTT resulted in greater locomotor 366 recovery in spinally contused rats compared to robotic training that provided full 367 assistance to the hindlimbs during stepping. AAN training increased the number 368 of steps, enhanced EMG burst activity and resulted in more normal step cycle 369 kinematic characteristics and trajectory shape. Although full assistance robotic 370 training was less successful in improving stepping performance, imposing a rigid 371 trajectory did appear to influence the shape of the step cycle trajectories, in 372 particular the trajectory during forward swing. These findings suggested that 373 robotic-assisted BWSTT that facilitated the generation of independent stepping 374 rather than guiding limb movements was best for learning to step following SCI. 375 376
Robotic training and motor learning 377
From a motor learning perspective, it is perhaps not surprising that assist-378 as-needed robotic training was better in improving the generation of stepping 379 than full assistance training. Constant physical guidance during movement can 380 hinder task learning. The problem is that a reliance on physical guidance 381 develops such that when the external assistance is no longer provided, 382 performance of the task is poor (Schmidt and Wrisberg, 2004) . In the context of 383 learning to step, the rats trained with full assistance became reliant on the 384 constant robotic assistance and did not learn to generate stepping on their own. 385 AAN training was more likely to encourage independent movement. This was 386 because less assistive force was delivered during training thereby allowing the 387 nervous system to generate step cycle trajectories that were markedly different 388 than the desired trajectory. 389
Differences in stepping between the AAN and FA groups may have been 390 related to how much the rats participated in the generation of hindlimb 391 movements during training. Motor training that involved active participation in the 392 production of movements has been shown to be more effective for task learning 393 than training that consisted of passive limb movements (Kaelin-Lang et al., 2005; 394 Lotze et al., 2003) . Robotic assistance that moved the legs of spinal cord injured 395 subjects during BWSTT resulted in less energy expenditure relative to therapist-396 assisted BWSTT (Israel et al., 2006) . This indicated that the subjects exerted 397 less effort to move their legs when robotic assistance was provided. The reduced 398 effort may be related to a "slack" theory regarding how the nervous system 399 interacted with robotic assistance (Emken et al., 2007) . According to this theory, 400 the nervous system tended to minimize its contribution to movement production if 401 external assistance was provided. One possibility was that because the robots 402 did all of the work during FA training, less effort was required and the rats could 403 simply "go along for the ride". Cai and colleagues hypothesized that forcing the 404 limbs to move in rigid trajectories may result in a habituation effect and might 405 even instill a kind of "learned helplessness" in which the rats stop responding to 406 the training (Cai et al., 2006) . 407
Another factor in determining the success of robotic-assisted training may 408 be related to how much variability in stepping movements occurs during training. We can only speculate as to how FA and AAN training affected the 425 recovery observed in the spinally contused rats. Certainly, imposing the FA 426 training reduced the variability in stepping movements whereas greater variability 427 in stepping occurred with AAN training (see Fig. 1 ). It was also possible that AAN 428 training reinforced the independent generation of movements whereas FA 429 training resulted in less active involvement in movement production (i.e. 430 habituation). Recent evidence suggested that when robots fully assisted hindlimb 431 stepping in spinally transected rats, hindlimb muscle activity was elicited (Ziegler 432 et al., 2010) . This activity, however, was not organized and often included co-433 activation of flexor and extensor motor pools. These findings suggested that FA 434 training did not result in the habituation of motor responses. Rather, FA training 435 was detrimental for learning because it elicited perturbations that interfered with 436 the expression of meaningful stepping movements (Ziegler et al., 2010) . The 437 advantage of the AAN training was that, unlike FA training, it facilitated the 438 generation of appropriate sensorimotor cues that were important for locomotion. 439
440
Influence of imposed trajectory on stepping 441
The results depicted in Figure 4 implied that FA rats would largely take on 442 the shape of the swing trajectory imposed during training. This finding suggested 443 that the rats learned the movement pattern that was enforced. Sensory input 444 from the hindlimbs drives plasticity within the spinal cord circuitry (Edgerton et al., 445 2008) . It was possible that imposing the desired trajectory generated a flow of 446 sensory input that selectively activated specific sensorimotor pathways 447 controlling the hindlimbs. The result of repetitively imposing a movement pattern 448 would be that specific synapses within the spinal cord circuitry were 449 strengthened. In this sense, FA training would be advantageous because it 450 ensured that precise patterns of proprioceptive and mechanoreceptive sensory 451 input were generated during training. 452
Given the influence of the desired trajectory, an important consideration 453 will be the choice of movements imposed during robotic training. In human 454 studies, the movements imposed on the legs were patterned after normal leg 455 movements during stepping (Westlake and Patten, 2009 ). This was a logical 456 strategy given the goal of therapy typically was to recover normal locomotor 457 function. Our approach instead was to develop a desired trajectory that was 458 based on the ankle movements imposed by an experienced trainer. Other rodent 459 robotic studies have used a similar trainer-based strategy for developing the 460 desired trajectory (Cai et al., 2006) . 461
This desired trajectory used in the present study was clearly different than 462 the normal trajectory. This raised the question, did imposing an abnormal 463 stepping pattern cause the inferior stepping and EMG characteristics observed in 464 the FA rats? Although we cannot rule out this possibility, we feel it was unlikely 465 that imposing a normal trajectory during training would have been better. We 466 found in pilot studies that imposing a normal trajectory did not move the ankle 467 effectively, causing paw dragging and dorsal stepping. In this case, inappropriate 468 sensory cues would have been generated thereby interfering with stepping. 469
Likewise, a normal kinematic pattern may not be best for adjusting other 470 biomechanical factors crucial for functional stepping in spinal cord injured rats, 471 such as ground reaction forces on the limbs and the motion of the center of 472 pressure (Giszter et al., 2010) . These findings illustrate the importance of 473 determining the optimal kinematic and kinetic patterns and not necessarily relying 474 on assistance that enforces normal stepping movements. The challenge will be 475 to identify the robotic assistance parameters that facilitate the expression of new 476 gait patterns acquired after spinal cord injury (de Leon et al., 1998) . 477
478
Clinical Implications 479
Given the physically-demanding nature of implementing BWSTT, there is 480 a great potential for robotic devices to facilitate BWSTT. Robotic assistance that 481 moves the limbs can be helpful, particularly in cases where there is little 482 voluntary movement in the legs and fully assisting movements is necessary. This 483 type of robotic assistance, however, does not appear to be as effective as 484 therapist-based BWSTT for enhancing the recovery of independently-generated 485 locomotion in patients with residual motor function or after some motor function 486 has been regained. If robotic assisted BWSTT is to be successful, new robotic 487 assistance algorithms that facilitate the implementation of BWSTT but more 488 closely mimics the actions of a human therapist will need to be developed. The 489 present findings along with the results from another previous study (Cai et al., 490 2006) suggest that robotic assistance that guides limb movements based on 491 errors was effective for improving locomotor recovery in spinal cord injured 492 rodents. One advantage of this type of "smart" robotic assistance is that the 493 amount of assistance would automatically adjust to an individual's movement 494 capabilities. Thus, greater assistance would be provided during the early stages 495 of recovery when little to no independent movement is generated. As stepping 496 improves, the robotic assistance would be adjusted such that less assistance 497 was provided, thereby encouraging independent movement. The use of an 498 assist-as-needed robotic training algorithm would facilitate this strategy and the 499 "gain" of the algorithm could be adjusted to more finely tune assistance for 500
individuals. 501
Algorithms that can provide flexible robotic assistance during BWSTT 502 have already been developed and preliminary testing has been performed 503 (Aoyagi et al., 2007; Duschau-Wicke et al., 2010 
